Abstract: Transient global ischemia (ISC) in rats and humans causes selective and delayed neuronal death in the hippocampal CA1 sector. It is clear from rodent studies that hyperthermia aggravates, whereas hypothermia lessens, this injury. In this study we sought to relate core (T c ) and brain (T b ) temperature, measured via telemetry probes, after ISC produced in rats by bilateral common carotid artery occlusion combined with systemic hypotension (2-VO model). We also tested whether spontaneous postischemic temperature fluctuations occurred and whether they were related to cell death as previous studies indicate. We report that T c and T b readings are similar and are highly correlated before and after 10 min of 2-VO ISC. In the second experiment, rats were subjected to 8, 9, or 10 min of 2-VO ISC. Despite a range in CA1 injury among these animals, there was no evidence of post-ISC hyperthermia, contrary to earlier work, and neither temperature nor the physiological variables measured during ISC (e.g., glucose) predicted injury. Our findings suggest that, under the present conditions, 2-VO rats do not experience postoperative hyperthermia, which can be adequately measured with T c telemetry probes.
Introduction
Brief global ischemia (ISC; e.g., during cardiac arrest) induces a somewhat selective and delayed injury to hippocampal CA1 neurons (Pulsinelli et al. 1982 ) that is particularly temperature-sensitive (Thornhill and Corbett 2001) . Hypothermia reduces injury not only when applied during the insult, but after it as well (Colbourne and Corbett 1995) . Furthermore, induced hypothermia reduces mortality and morbidity in cardiac arrest patients (Bernard et al. 2002) . Conversely, fever, which often occurs in ischemic stroke patients, is believed to aggravate injury, although this has yet to be proven clinically (Aiyagari and Diringer 2007) . Nonetheless, many rodent studies suggest that hyperthermia accelerates and worsens injury (Aiyagari and Diringer 2007; Thornhill and Corbett 2001) . Accordingly, animal studies ought to consider possible confounding spontaneous and treatment-induced temperature changes. For instance, spontaneous hyperthermia negates MK-801-induced neuroprotection (Memezawa et al. 1995) .
There are many rodent ISC models, each with advantages and disadvantages (Traystman 2003) . The 3 common models of global ISC in rats are asphyxia-induced cardiac arrest, the 4-vessel occlusion (4-VO) model, and the 2-vessel occlusion with systemic hypotension model (2-VO). Bilateral carotid artery occlusion is also used in gerbils and mice with variable success. Understanding the spontaneous temperature changes in these models is complicated by differences in insult severity, which is influenced by many factors (e.g., insult duration, age, species, strain, sex, surgical sterility), the site of temperature measurement (e.g., brain versus body), and the method of measuring temperature (e.g., non-telemetry versus telemetry). Importantly, telemetry allows for repeated measurement without artificially altering temperature (e.g., stress-induced fever after rectal temperature measurement, T r ) .
Spontaneous hyperthermia, as measured by telemetry, occurs in gerbils subjected to brief ISC (Colbourne and Corbett 1995) . The 4-VO model in rats has been found (with telemetry) to sometimes cause mild hypothermia (Colbourne et al. 1999) . Asphyxia-induced cardiac arrest has been reported to cause mild hypothermia when measured via telemetry (Hickey et al. 2000) . Data in the 2-VO model, the focus of this study, are contradictory. Coimbra and colleagues found a delayed rise in T r (approximately 1.5 8C), measured intermittently, that lasted from about 21 h to 63 h after ISC (Coimbra et al. 1996) . Others, however, found that 2-VO rats do not consistently develop fever (T c measured with telemetry), which occurred only in hyperglycemic rats (Uchino et al. 1994) . Instead, normoglycemic rats were slightly cool in the first 4 hours after ISC without subsequent hyperthermia, findings similar to those of more recent studies (Spencer et al. 2007 ). Increased seizure activity that coincided with fever occurred in hyperglycemic animals (Uchino et al. 1994 ). Coimbra et al. stated that rats were fasted before surgery, which suggests they would not be hyperglycemic, but glucose levels were not reported.
Given the potential importance of post-ISC temperature alterations and the discrepancies among previous 2-VO studies, we sought to (i) examine the relationship between core (T c ) and brain (T b ) temperatures after the 2-VO insult in rats, and (ii) determine whether postischemic hyperthermia develops and contributes to ischemic injury. Temperature was sampled by telemetry probes to avoid inaccuracies and the stress associated with non-telemetry methods. Blood gases and glucose levels were monitored at the time of ISC.
Materials and methods

Animals
We used 28 adult, male Sprague-Dawley rats (approximately 200-300 g) obtained from the University of Alberta. Rats were individually housed and allowed free access to food and water except for a 12-hour period of food deprivation before ISC. All procedures complied with the Canadian Council on Animal Care guidelines and were approved by our Biological Sciences Animal Policy and Welfare Committee. All surgical procedures used aseptic technique (e.g., autoclaved instruments and drapes). Our standard operating procedures are available at http://www.psych.ualberta.ca/ fcolbour/research.htm. In experiment 1, post-ISC T b and T c were monitored in 4 rats given 10 min of ISC. In experiment 2, T c was measured for 7 days after ISC or sham operation (SHAM, n = 4). The ISC groups had 8-minute (ISC-8, n = 7), 9-minute (ISC-9, n = 6), or 10-minute (ISC-10, n = 7) insults. Insult duration was varied to increase the range in injury and to see how this related to post-ISC temperature.
Telemetry T c and T b probe implantation
Rats were anesthetized with 4% isoflurane (approximately 2% maintenance) in 60% N 2 O and 40% O 2 . For the T c telemetry probe implantation (model TA10TA-F40, Transoma Medical, St. Paul, Minn.), a 2-to 3-centimetre abdominal incision was made, the sterilized probe inserted into the cavity, and the wound sutured closed . Rats in experiment 1 also had T b probes implanted immediately after this surgery. For the T b probe implantation, the rats were moved to a stereotaxic frame and a midline scalp incision was made. Three small burr holes were drilled through the skull, of which one was 2 mm right of and 1 mm anterior to Bregma. A 3-millimetre long guide cannula (20 G steel tube) was placed in this hole at the dura surface. Screws (Model MX-080-2, Small Parts, Miami Lakes, Fla.) placed into the surrounding holes anchored, via dental cement, a 2.5-centimetre tall cylinder (syringe barrel 5 mL) centered over the guide cannula. The cylinder protected the brain telemetry probe (model VM-FH-BP, MiniMitter Co. Inc, Sun River, Ore.) whose shaft, previously disinfected with an ethanol soak, was inserted through the cannula to measure striatal T b . Anesthesia was discontinued and rats were housed individually in cages resting upon RPC-1 receivers that sampled T c or T b at least every 30 s via the A.R.T. System (v. 2.2, Transoma Medical).
Cerebral ischemia
Rats received either ISC or SHAM operation (isoflurane anesthesia) 2-4 days after probe implantation. First they were food-deprived for approximately 12 h before surgery to lessen variability in glucose levels. A thermocouple probe (HYPO-33-1-T-G-60-SMG-M, Omega, Stanford, Conn.) was placed s.c. to monitor skull temperature (T s ), held at approximately 37.0 8C via an infrared lamp (175 W) and a water blanket (model TP3E, Gaymar, N.Y.). Skull temperature was controlled to minimize an unwanted drop in T b during ISC, which would have lessened injury. Mean arterial blood pressure (MABP) was measured via a tail artery cannula kept patent by heparinized saline. Ischemia was achieved by transient bilateral carotid artery occlusion and systemic hypotension (35-45 mmHg; BP-1, World Precision Instruments, Sarasota, Fla.). This is the 2-VO model with some modifications (Smith et al. 1984) . Systemic hypotension was produced by withdrawing blood from the tail artery into a heparinized syringe. The blood was re-infused after clamp removal. Arterial blood samples (approximately 100 mL each) were taken to measure blood pH, PCO 2 , PO 2 , hemoglobin (ctHb), and glucose levels before and after ISC or SHAM occlusion via a Radiometer ABL810 blood gas analyzer (Radiometer, Copenhagen, Denmark). The SHAM rats underwent carotid manipulation without occlusion or exsanguination.
Temperature and activity monitoring
Data from the entire day before ISC or SHAM operation served as a baseline. In experiment 1, T b and T c measure-ments were sampled 4 times (at 10:00, 12:00, 14:00, and 16:00) for 4 days after ISC. Because these probes used a similar frequency signal, it was not possible to simultaneously measure T b and T c with these probes; therefore, samples were taken within 30 s of each other . In experiment 2, T c was measured for 7 days after ISC or SHAM surgery.
Histopathology
Rats were killed 7 days after ISC or SHAM surgery, under pentobarbital anesthesia (100 mg/kg, i.p.), via perfusion with 0.9% saline then 10% formalin. Extracted brains were embedded in paraffin. Subsequently, 10-micrometre coronal sections were cut and stained with hematoxylineosin. An experienced researcher (M.D.-S.) chose 1 section at -3.60 mm to Bregma in which she determined CA1 sector injury. Injury at this level correlates well with injury at more anterior and posterior levels (Colbourne and Corbett 1995) . Viable (healthy-looking, non-eosinophilic) CA1 sector pyramidal neurons were counted in medial (next to subiculum), middle, and lateral regions (next to the CA2 zone) of the CA1 zone of both hemispheres while she was unaware of group identity (Colbourne and Corbett 1995) . The number of CA1 sector neurons was summated across these sectors and expressed as a percentage of SHAM.
Statistics
The physiological (temperature, blood gases, glucose levels, MABP) and histological data were analyzed by ANOVA with post hoc LSD tests when needed (SPSS, v. 15.0, Chicago, Ill.) . Physiological variables were also correlated with CA1 sector injury (Pearson r values).
Results
Experiment 1
Physiological variables are given in Table 1 . After ISC, T b and T c were highly correlated (Fig. 1, r = 0 .911, p < 0.001). The average (± SD) difference (T b -T c ) was -0.4 8C ± 0.3, as T b was slightly less than T c . All rats had marked CA1 injury (mean percentage of SHAM = 4.4% ± 3.0%, p < 0.001).
Experiment 2
Physiological variables were not significantly different among ISC groups (p 0.247) except T s (p = 0.029), which was slightly higher in the ISC-8 group (p = 0.009 vs. ISC-9; Table 1 ). These measurements (e.g., T s ) did not significantly correlate with CA1 injury in the ISC groups (r = -0.021 to 0.404, p 0.077). All 3 ISC groups had significantly reduced numbers of viable CA1 neurons (Fig. 2) compared to SHAM (p 0.001), but the ISC groups were not significantly different from each other (p 0.579). An ANOVA on T c (daily averages for 1 week), corrected for baseline circadian patterns, showed no significant group (p = 0.909) or group Â day effects (p = 0.380), as all 4 groups had similar T c patterns (Fig. 3A) . The day main effect was significant (p < 0.001), but the effect was due to trivial differences (daily means, corrected for baseline, ranged from -0.14 to 0.15 8C). The average T c values (not corrected for baseline) were also not different among groups and were within the normal (baseline, SHAM) range (data not shown). Despite a notable range in CA1 sector injury, post-ISC T c values, corrected for baseline, remained small and did not predict CA1 cell counts (r = 0.021, p = 0.931 vs. 7-day T c average; Fig. 3B ). 
Discussion
The two primary findings of this study are (i) T b and T c are highly correlated after 2-VO ISC when measured via telemetry and (ii) this insult, under the present conditions, does not cause post-ISC hypothermia or hyperthermia. The first finding suggests that T c accurately estimates T b in normal and untreated ISC rats. The latter finding contrasts with an earlier study of Coimbra and colleagues (1996) who reported that post-ISC hyperthermia in this model occurred over several days and that this hyperthermia was blocked with an antipyretic drug that also lessened CA1 sector injury. Although that study and the present one have a comparable amount of CA1 sector injury, there are several differences (e.g., rat strain, surgical sterility, anesthetic, and temperature measurement method) that make it difficult to explain this discrepancy with any certainty. Several possibilities warrant discussion, however.
First, one study reported that hyperglycemia must be present for hyperthermia to occur (Uchino et al. 1994) . The finding that hyperglycemia extends injury beyond the CA1 sector to include the thalamus and brainstem (Lundgren et al. 1991 ) might explain the different temperature response in hyperglycemic rats. Because Coimbra et al. (1996) did not measure glucose levels, hyperglycemia cannot be ruled out as a possible cause of the observed rise in temperature in that study. They did fast their animals before ISC, however, reducing the possibility of hyperglycemia and suggesting that it was not required for fever to occur. A more recent study also used fasted rats, but did not report the glucose levels. In that study a very mild and transient hypothermia occurred, but they did not report whether a more delayed (e.g., 3-4 days post-ISC) fever occurred (Spencer et al. 2007 ). We found no relation between glucose levels and CA1 injury, at least over an intra-ISC glucose range of 6.1-15.3 mmol/L. Furthermore, neither Spencer et al. (2007) nor our study found a simple relation between CA1 sector injury and postoperative T c , and these studies appear to have a comparable amount of hippocampal injury. Nonetheless, more severe insults that markedly involve other structures (e.g., hypothalamus) would likely affect temperature.
Second, Coimbra and colleagues presumably did not use sterile surgical technique, which we used. Although shamoperated rats did not experience fever (Coimbra et al. 1996) , it is possible that the 2-VO insult increased the rats' susceptibility or response to infection. Our animal care guidelines prohibit us from testing this hypothesis.
Third, the original study (Coimbra et al. 1996 ) measured T r repeatedly, whereas the more recent studies (Spencer et al. 2007; Uchino et al. 1994 ) and ours used telemetry. Rectal temperature measurements do predict T c and T b , but they also cause a stress-induced fever, which lasts approximately 1 h after each T r sampling . Importantly, this fever seems to vary between normal and ISC animals . It is conceivable, therefore, that repeated T r measurements cause an enduring hyperthermia in 2-VO, but not normal, rats.
Our findings suggest that postischemic T c measurements are appropriate for estimating post-ISC T b , although this is clearly not the case during ISC where T b and T c readily dissociate in rats (Busto et al. 1987) . Previous studies using non-ISC rats have shown a high degree of correlation between T b and T c in conscious rats Ward et al. 1986) , and the absolute difference between T b and T c , when measured with telemetry, is similar in non-ISC and ISC rats (present study). Although T c accurately predicts T b in normal and untreated ISC rats, actively heating an animal with an infrared lamp may overheat T b relative to T c (Plahta et al. 2004) . A T c probe is easier to implant than a T b probe, which also causes brain injury and risks infection. Thus, we recommend the use of T c probes in this model only if external heating is not used and if an additional estimate of T b is taken during ISC (e.g., T s ).
Hippocampal CA1 injury was generally severe, but not in all animals. Variability commonly occurs in stroke models, but we are unable to explain why some animals were severely injured and others were not. We found no significant relation between physiological measures and CA1 injury. Surprisingly we also did not find a relation between insult duration and CA1 injury, but this is likely due to the small insult range used (8-10 min). Regardless, this does not affect the interpretation of our results (lack of post-ISC hyperthermia) because we merely sought to produce a range in injury, which naturally occurred.
In summary, this study shows that (i) T b and T c are closely related in conscious rats before and after 2-VO ISC, and (ii) this insult does not necessarily produce postoperative hyperthermia, at least within the range of injury presently found and under the current conditions (e.g., aseptic surgery and moderate range in glucose levels). Our findings do not exclude the possibility that 2-VO ISC will cause either hypothermia or hyperthermia under other conditions (e.g., more severe insults or different rat strains). Indeed, this possibility only underscores the need to measure post-ISC temperature, especially when testing putative neuroprotectants. Unfortunately, this has rarely been done in the past ; hence data from these older studies may be confounded.
